INTRODUCTION
In-vivo proton magnetic resonance spectroscopy (1H MRS) studies have reported lower concentrations of N-acetylaspartate (NAA: a marker of neuronal viability) and cholinecontaining compounds (Cho: a marker of glial or cell synthesis/turnover) as well as altered myo-inositol levels (mI: a putative astrocyte marker) in the brain of individuals with alcohol use disorders (AUD), primarily in the frontal lobes, medial temporal lobe, and cerebellum (Bendszus et al., 2001; Durazzo et al., 2004; Ende et al., 2005; Fein et al., 1994; Schweinsburg et al., 2000; Seitz et al., 1999) . Lower concentrations of frontal white matter NAA, cerebellar NAA and Cho as well as higher cerebellar mI have been associated with poorer neurocognition and motor functions in cross-sectional studies of individuals with AUD (see (Bendszus et al., 2001; Durazzo et al., 2004; Parks et al., 2002) ). With sustained abstinence from alcohol, regional metabolite concentrations show variable recovery (e.g., Bartsch et al., 2007; Bendszus et al., 2001; Durazzo et al., 2006; Ende et al., 2005; Gazdzinski et al., 2008; Martin et al., 1995; Parks et al., 2002; Schweinsburg et al., 2000; Schweinsburg et al., 2001) , and increases in some metabolite levels (e.g., NAA and Cho) have been associated with improvement on measures of learning and memory, processing speed and working memory (Bartsch et al., 2007; Bendszus et al., 2001; Durazzo et al., 2006; Gazdzinski et al., 2008; Parks et al., 2002) . These findings parallel regional morphological recovery observed during abstinence from alcohol (for review see and suggest such adaptive neuroplastic changes are associated with improved neurocognition during periods of sustained sobriety (reviewed in Meyerhoff et al., 2011) .
High field 1 H MRS has enabled the quantitation of glutamate (Glu) and gamma aminobutyric acid (GABA), which are the primary excitatory and inhibitory neurotransmitters, respectively, in the human brain. Glu and glutamine are involved in the maintenance and promotion of several cell functions (Newsholm et al., 2003) , and imbalances in brain Glu metabolism have been implicated in neurodegeneration in AUD. Specifically during withdrawal from alcohol, cerebral Glu levels change rapidly. Altered Glu (and primarily Ca 2+ ), coupled with a chronic alcohol-induced up-regulation of Nmethyl-D-aspartate receptors in the cortex, may promote neuronal "excitotoxicity" through cation and water disequilibrium, leading to increased oxidative stress and apoptosis (Lovinger 1993 , Hughes 2009 , Freund and Anderson, 1996 , Tsai and Coyle, 1998 . GABAergic neurons are involved in the synchronization of neuronal activity across brain regions (Clancy et al., 2010) , and abnormalities in synaptic inhibition mediated by GABAergic neurons are associated with AUD and other common neuropsychiatric conditions (Johnson, 2005; Sanacora and Saricicek, 2007) . Collectively, research suggests that alterations of regional Glu and GABA concentrations and of glutamatergic and GABAergic receptors (e.g., Green and Grant, 1998; Grobin et al., 1998; Kalivas et al., 2009; Spanagel, 2009) , as well as alterations in Glu transmission from the anterior cingulate cortex (ACC) to the ventral striatum contribute to the development and maintenance of AUD and other substance use disorders (Kalivas and O'Brien, 2008; Kalivas, 2009; Cramer, 2011; Kalivas, 2009; Kalivas, 2009 ). Yet, only a few MRS studies have reported on the effects of AUD on concentrations of Glu, Glu + glutamine (Glx) or GABA.
Glu concentrations in the ACC of non-medicated ALC on the first day of abstinence from alcohol (i.e., during withdrawal) were elevated, but then decreased to normal levels over two weeks of abstinence (Frischknecht et al., 2010) . In a randomized placebo-controlled study of acamprosate treatment of detoxified ALC, Umhau et al. (2010) observed decreasing levels of Glu in the ACC between the fourth and 25 th day of acamprosate administration and trends to increasing Glu levels with placebo. For GABA, a preliminary study (Behar et al., 1999) reported significantly lower levels in the occipital cortex (OCC) of 1-month-abstinent ALC compared to controls, but Mason et al. (2006) , in a larger follow-up study, observed no abnormalities in OCC GABA levels of ALC at either one week or one month of abstinence relative to controls. For technical reasons (a surface coil was used at relatively low magnetic field strength), these previous studies assessed only the ACC or OCC. To better understand the functional relevance of Glu and GABA and the potential role their regional metabolism plays in the development and maintenance of AUD, it is imperative to: a) measure cerebral Glu (and/or Glx) and GABA levels in multiple brain regions of the same cohort, b) investigate their associations with other common brain metabolites, neurocognitive function and drinking severity, and c) explore their concentration changes during early abstinence.
This report presents fully quantitative cross-sectional and longitudinal findings of single voxel MR spectroscopy (SVS) at high magnetic field strength (4 Tesla), focusing on absolute quantitation of Glu, Glx and GABA concentrations in the ACC, the parietooccipital cortex (POC) and the dorso-lateral prefrontal cortex (DLPFC) of treatment-seeking ALC in early recovery. Based on the literature, we hypothesized 1) ALC near the inception of abstinence from alcohol have significantly higher Glx, Glu, and mI and lower NAA, Cho and GABA concentrations in the ACC, POC and DLPFC than light-drinking controls (LD), 2) metabolite concentrations normalize in all regions of ALC after approximately one month of abstinence from alcohol, and 3) NAA, Cr and Cho concentrations correlate positively while Glu and mI levels correlate negatively with measures of learning and memory, visuomotor scanning speed and working memory at both TPs. In secondary analyses, we explored the data for evidence of the excitotoxicity theory of Glu-induced neuronal injury in AUD (Freund and Anderson, 1996; Hughes, 2009; Lovinger, 1993; Tsai and Coyle, 1998) , which would suggest an inverse relationship between Glu and NAA concentrations in ALC.
MATERIALS AND METHODS

Participants
Forty-four (39 males, 5 females) ALC were recruited from the San Francisco VA Medical Center Substance Abuse Day Hospital and the San Francisco Kaiser Permanente Chemical Dependence Recovery Programs. All ALC participants met DSM-IV criteria for alcohol dependence at the time of study. Male ALC had consumed more than 150 alcoholic drinks (one drink contains 13.6 g of pure ethanol) per month for at least 8 years while female ALC had consumed more than 80 drinks per month for at least 6 years prior to enrollment. All ALC participants were tested daily for breath alcohol while in outpatient treatment to ensure sobriety. Inclusion and exclusion criteria are fully detailed elsewhere (Durazzo et al., 2004) . In brief, participants were excluded for a history of abuse or dependence on other substances within the past five years (other than nicotine), and for neurological or psychiatric disorders that are known to affect brain neurobiology or neurocognition. Hepatitis C, type-2 diabetes, hypertension, unipolar mood disorder (major depression and/or substance-induced mood disorder) were permitted in the ALC cohort given their high prevalence in AUD (Hasin et al., 2007; Mertens et al., 2003; Mertens et al., 2005; Parekh and Klag, 2001; Stinson et al., 2005) . Sixteen age-matched LD were recruited from the local community and had no history of medical or psychiatric conditions known to influence the outcome measures of this study.
Clinical Assessment
ALC participants completed the Structured Clinical Interview for DSM-IV Axis I Disorder Patient Edition, Version 2.0 (First et al., 1998) and standardized questionnaires for alcohol withdrawal (CIWA-Ar; Addiction Research Foundation Clinical Institute of Withdrawal Assessment for Alcohol; Sullivan et al., 1989) , depression (Beck Depression Inventory (BDI) ; Beck, 1978) and anxiety symptomatology (State-Trait Anxiety Inventory, Y-2, STAI; Spielberger et al., 1977) within one day of MR study. We assessed alcohol consumption over lifetime with the lifetime drinking history (LDH; Skinner and Sheu, 1982; Sobell et al., 1988; Sobell and Sobell, 1990) . From the LDH we derived the age at onset of heavy drinking (defined as >100 alcoholic drinks per month) and estimated the average number of alcoholic drinks consumed per month over 1 year, 3 years, 8 years before enrollment and over lifetime.
A brief neurocognitive battery assessed aural working memory (Wechsler Adult Intelligence Scale-III (WAIS-III) Digit Span), visuomotor scanning speed and incidental learning (WAIS-III Digit Symbol; Wechsler, 1997) , auditory-verbal (Delis et al., 2000) and visuospatial learning and memory (Brief Visual memory Test-Revised; Benedict, 1997) in LD as well as in ALC at TP1 and TP2 follow-up (for details, see .
To evaluate the nutritional status and alcohol-related or other hepatocellular injury in ALC, we obtained laboratory tests for serum albumin, pre-albumin, alanine aminotransferase (ALT), aspartate aminotransferase (AST) and gamma-glutamyltransferase (GGT) within 3 days of the MR scans at each time point.
Of the 44 ALC participants, 20 were scanned at time point 1 (TP1 at 9 ± 4 days of abstinence from alcohol) and 36 scanned at TP2 (34 ± 7 days of abstinence). Not all participants contributed spectra from every VOI. Eleven participants were scanned at both TPs (at approximately 9 and 34 days of abstinence) and used for longitudinal analyses. The sixteen LD were each scanned once. Table 1 shows demographics, laboratory and alcohol consumption variables for LD and ALC studied at TP1. ALC showed significantly greater depressive and anxiety symptomatology. The demographics of ALC studied at TP2 were similar to those at TP1. Also, the demographics, laboratory and alcohol consumption variables of the smaller longitudinal sample were representative of the ALC group shown in Table 1 .
Imaging and Processing Methods
MRI data were acquired on a 4 Tesla Bruker MedSpec system using an 8-channel transmitreceive head coil and a Siemens Trio console (Siemens, Erlangen, Germany). A Magnetization Prepared Rapid Gradient (TR/TE/TI = 2300/3/950 ms, 7° flip angle, 1.0 × 1.0 × 1.0 mm 3 resolution) and a turbo spin-echo (TR/TE = 8400/70 ms, 150° flip angle, 0.9 × 0.9 × 3 mm 3 resolution) sequences were used to acquire 3-D sagittal T1-weighted and 2D axial T2-weighted anatomical images, respectively. The T1 and T2 images were then displayed and volumes-of-interest (VOIs) for MRS placed over the ACC (35 × 25 × 20 mm 3 ), in the POC (20 × 40 × 20 mm 3 ) and right DLPFC (size: 40 × 20 × 20 mm 3 ), maximizing inclusion of much gray matter (GM) as possible ( Figure 1 shows the three VOIs on axial T2-weighted images). The T1 images were also used for segmentation into GM, WM and cerebrospinal fluid (CSF), using the expectation maximization segmentation method (Leemput et al., 1999) , and the segmented data used to estimate tissue fraction (TF) and CSF contributions to each VOI. After 3-D shimming and water suppression of each VOI, NAA, Cr, Cho, mI and Glu signals were acquired with a Stimulated Echo Acquisition Mode (STEAM) sequence (TR/TE/TM = 2000/12/10 ms, 90° flip angle, 2000Hz spectral bandwidth, 2.5 minutes acquisition time). Immediately afterwards, a reference water signal was also collected from the same VOIs with the same STEAM sequence but without water suppression and used for scaling metabolite peak areas. Signals from GABA and Glx were acquired immediately after the water spectrum from the exact same VOIs with a modified Jediting sequence (MEGA PRESS: TR/TE = 2000/71, 90° flip angle, 2000 Hz spectral bandwidth, 12.5 minutes acquisition time; Kaiser et al., 2008) . The MRS data were processed using a combination of an in-house written Matlab program and IDL (Research Systems, Inc., Boulder, CO) with SITOOLS (Soher et al., 1996) . First, the matlab program was used to convert the time domain data (raw data) to frequency domain data (i.e., 1-D Fourier transformation) after DC correction and apodization with a 2 Hz Lorentz-Gaussian filter. Using a priori information of metabolite frequencies, phases and amplitudes, the metabolite peak areas (MET area ) as well as the reference water peak area (H 2 0 area ) were then fitted, together with baselines using SITOOLS. A correction factor (CF), which accounted for differences between the transmitter voltage amplitudes used to acquire the metabolite and unsuppressed water signal (for each participant) was calculated as , (where MET trans-amp is the transmitter voltage amplitude for the metabolite and H 2 O trans-amp is that for the corresponding reference water signal). The water peak area was then adjusted with CF as H 2 0 area adjusted area = H 2 0 *CF.
The metabolite peak areas were then scaled according to the formula The MET scaled values were then used to estimate metabolite concentrations ([MET]) (in mmol) while accounting for TF for each VOI according to the formula
Data Analyses
We conducted three main statistical analyses using SPSS, v18. In the first analysis, multivariate analysis of covariance (MANCOVA) was used for cross-sectional group comparisons at TP1 and TP2 to test for differences in NAA, Cr, Cho, mI and Glu concentrations between ALC and LD in each VOI. GABA and Glx were also analyzed similarly, but separately from NAA, Cr, Cho, mI and Glu, because the number of spectra from the J-editing sequence (i.e., 15 for POC of ALC at TP1) with acceptable quality was less than those from the STEAM sequence (i.e., 20 POC of for ALC at TP1). Although age was not significantly different between the groups, the age range of the participants was large (28 -68), and age is associated with metabolite concentrations (Schuff et al., 2001) ; therefore, we used it as a covariate in the analyses. Also, because cigarette smoking is associated with brain metabolite concentrations in individuals with AUD (Durazzo et al., 2004; Durazzo et al., 2006; Durazzo et al., 2011) , we covaried for smoking status in all cross-sectional analyses. We evaluated for group differences in total brain tissue, GM, WM, CSF contributions to the VOIs, but none was significantly different between the groups. Table 2 shows the percentage of GM, WM and CSF contributions to each VOI for ALC at TP1 and LD, depicting similar contributions of each tissue type in both groups.
The second analysis assessed metabolite level changes between TP1 and TP2 using paired ttests on metabolite-to-water ratios (i.e., ratio of metabolite peak areas to corresponding reference water peak areas) of the longitudinal sample (11 ALC). In the third analyses, relationships (Spearman's Rho) between metabolite concentrations within each VOI, as well as correlations between metabolite concentrations and measures of auditory-verbal, visuomotor scanning speed, visuospatial learning and memory, delayed visual memory and working memory were assessed in ALC and LD separately. Correlations of metabolite concentrations with drinking severity, as well as associations between changes in metabolite levels and changes in the aforementioned neurocognitive measures were also assessed in ALC only. A p-value of ≤ 0.05 was considered statistically significant in all the analyses, except analyses that assessed inter-correlations between Glu (or Glx) and Cr, Cho or mI, which required correction for multiple comparisons. The conservative Bonferroni method was used to correct for the effect of multiple comparisons on these correlations.
RESULTS
Participant Characterization
ALC and LD participants were not significantly different on age, but LD had significantly more years of education than ALC (p = 0.048). ALC participants had significantly higher aspartate aminotransferase levels than LD participants at TP1 (p = 0.031). All other laboratory measures as well as total brain tissue, GM, WM and CSF contributions to the VOIs did not differ significantly between ALC and LD groups.
Two ALC participants (10%) received benzodiazepine treatment at TP1; all of their metabolite concentrations were within the range of ALC who did not receive benzodiazepine treatment, but these participants did not provide data at TP2. Also, three ALC participants were positive for hepatitis C at TP1 and four at TP2, but again these participants were not part of the longitudinal sample as they did not have data at both TPs. Nine ALC participants had medically controlled hypertension at either TP; two of these participants had data at both TP1 and TP2 and were part of the longitudinal sample. However, there were no significant differences between participants with and without hepatitis C or controlled hypertension on any of our outcome measures, suggesting these conditions did not likely influence group findings. Comparison of the participants of the longitudinal sample with the rest of the ALC group in terms of age, drinking severity, neurocognitive measures, laboratory variables and medical/ psychiatry conditions showed no significant group differences on any of these measures. Therefore our longitudinal sample can be considered representative of the entire sample in this report.
Cross-sectional Group Comparisons
TP1 (9 ± 4 days of abstinence)-In the ACC, MANOVA, with age and cigarette smoking as covariates, indicated significant differences between LD and ALC across metabolite levels (F = 3.11, p = 0.028) for the STEAM sequence data. Follow-up t-tests showed significantly lower concentrations of Glu (p = 0.012), NAA (p = 0.001), Cr (p = 0.014), and a trend for lower Cho (p = 0.085) compared to LD. For the J-editing sequence data (GABA and Glx), MANCOVA gave statistically similar metabolite levels in LD and ALC; however, the follow-up t-tests showed a trend for lower Glx (p = 0.066) in ALC compared to LD. GABA and mI concentrations did not differ significantly between groups. See Table 3 for group means, standard deviations and effect sizes.
In the POC and DLPFC, similar MANCOVA analysis showed no significant group differences of metabolite concentrations. Predicted follow-up comparisons showed no significant differences between the groups in any of the metabolite levels. See Tables 4 and  5. TP2 (34 ± 7 days of abstinence)-The MANCOVA indicated no significant metabolite level differences between LD and ALC at TP2 in any VOI. See Tables 3 -5.
Longitudinal Change of Metabolite Ratios in 11 ALC
In the ACC between TP1 and TP2, ALC demonstrated significant increases in ratios of Glu (p = 0.008), NAA (p = 0.034), and Cho (p = 0.037) to water. Figure 4 depicts the increase of ACC Glu-to-water ratios in most ALC participants over time. A plot of ACC Glu concentrations (combining cross-sectional TP1 and TP2 data) against days of abstinence showed a moderate positive correlation (r = 0.31, p = 0.034) between Glu and time (see supplementary Figure 11 ), further supporting Glu increases in early abstinence. There were no significant longitudinal changes in ratios of Cr, mI, and GABA to water in the ACC.
In the POC, the Glu-to-water ratio increased significantly between TP1 and TP2 (p = 0.049). Ratios of NAA (p = 0.092), Cr (p = 0.053) and Cho (p = 0.065) to water tended to increase over the same interval.
In the DLPFC, there were no significant longitudinal changes in any of the metabolite ratios of this small sample.
Cross-sectional Correlations among Main Outcome Measures in ALC
TP1-Glu and NAA concentrations correlated positively in the ACC (r = 0.73, p = 0.001) (see Figure 5a ), POC (r = 0. 58, p = 0.007; supplementary Figure 22 ), and DLPFC (r = 0.64, p = 0.018). mI concentrations of the ACC and POC related negatively to visuomotor scanning speed, delayed visual memory and verbal learning; POC mI also correlated negatively with visuospatial memory and auditory-verbal learning (all r < −0.48, p < 0.047, see Table 6 ). In the DLPFC, Glx correlated negatively with verbal learning and visuospatial learning (both r < −0.51, p < 0.014). Average number of drinks per month over one year prior to study was positively related to mI in the ACC (r -0.64, p = 0.04); no other associations between alcohol consumption and metabolite concentrations were observed in the other VOIs. See Table 6 for statistically significant associations within the ALC group.
TP2-Similar to the observation at TP1, Glu and NAA concentrations at TP2 correlated positively in the ACC (r = 0.83, p < 0.0001) (see Figure 5b ), POC (r = 0.92, p < 0.0001) (supplementary Figure 33) , and DLPFC (r = 0.62, p = 0.001). However, in contrast to TP1, the ACC Glx concentration also related positively to the corresponding NAA concentration (r = 0.60, p = 0.004). Auditory-verbal learning related negatively to POC mI concentrations (r = −0.36, p = 0.020). Working memory related positively to DLPFC Cho concentration (r = 0.44, p = 0.008) and negatively to DLPFC mI concentration (r = −0.40, p = 0.025). BDI was negatively correlated to mI (r = −0.55, p = 0.005) and Glu (r = −0.43, p = 0.035) in the DLPFC.
Correlations among Longitudinal Changes of Main Outcome Measures in ALC
In the ACC between TP1 and TP2, the change of the Glu-to-water ratio related positively to changes in the corresponding NAA (r = 0.92, p < 0.001), Cr (r = 0.72, p = 0.013) and Cho (r = 0.92, p < 0.001) ratios.
Similarly, in the POC, the Glu-to-water ratio change correlated positively to the corresponding changes in ratios of NAA (r = 0.62, p = 0.044), Cr (r = 0.68, p = 0.020) and Cho (r = 0.76, p = 0.007) to water.
1 Supplementary material can be found by accessing the online version of this paper at http://dx.doi.org and by entering doi:… 2 Supplementary material can be found by accessing the online version of this paper at http://dx.doi.org and by entering doi:… 3 Supplementary material can be found by accessing the online version of this paper at http://dx.doi.org and by entering doi:… In the DLPFC, similar to a lack of cross-sectional associations, there were no significant correlations between changes in any of the metabolite-to-water ratios.
Between TP1 and TP2, measures of delayed visual memory, processing speed and visuomotor scanning speed (all p < 0.001) as well as working memory (p = 0.029) improved. However, these neurocognitive improvements did not correlate significantly with any of the metabolite-to-water ratio changes in any of the VOIs.
Cross-sectional Correlations among Main Outcome Measures in LD
Glu and NAA concentrations related positively in the POC (r = 0.91, p < 0.001) and DLPFC (r = 0.74, p = 0.006), but not in the ACC (r = 0.29, p = 0.34). Working memory was positively related to Cho concentrations in the ACC (r = 0.74, p = 0.015) and POC (r = 0.81, p = 0.029), but not in the DLPFC, where a corresponding relationship was observed in ALC at TP2. Delayed visual memory related positively to POC NAA concentration (r = 0.78, p = 0.039). Neurocognitive measures did not correlate with mI in any of the VOIs, as was frequently observed in the ALC group.
DISCUSSION
In this 4 Tesla MRS study, we observed lower concentrations of Glu and Glx in the ACC, but not in the POC or DLPFC, of treatment-seeking ALC at approximately nine days of abstinence (TP1), which normalized over four weeks of sustained abstinence from alcohol. We also observed lower concentrations of NAA and Cho in the ACC of ALC at TP1, which is consistent with previous findings in treatment seeking ALC (Bendszus et al., 2001; Durazzo et al., 2004; Ende et al., 2005; Fein et al., 1994; Schweinsburg et al., 2000; Seitz et al., 1999) . In contrast to previous reports, ACC Cr levels were significantly lower in ALC at TP1 compared to LD. All effect sizes for the significant metabolite group differences in the ACC were at least 0.88, indicating large magnitude of differences and/or tight variance between ALC and LD on these measures. Importantly, these cohorts did not differ significantly on GABA concentrations in any VOI at TP1 or TP2. Longitudinal analyses indicated that significant metabolite changes over four weeks of abstinence were primarily apparent in the ACC for Glu, NAA, Cr, and Cho. Although none of the POC metabolite concentrations in ALC at TP1 (n=20) were significantly different from LD, POC Glu-towater ratios increased significantly between TP1 and TP2 (n = 11), while the POC ratios of NAA, Cr and Cho to water tended to increase over the same time. Thus, at TP2, there were no significant metabolite concentration differences between ALC and LD in any VOI. The overall findings suggest that ALC, at approximately nine days of abstinence demonstrated abnormally low concentration of the general metabolic pool of Glu as well as compromised neuronal integrity (i.e., decreased NAA concentration) and cellular bioenergetics (i.e., decreased Cr concentration) in the ACC, which largely normalized within one month of sustained abstinence from alcohol. Glu, NAA and Cr levels are closely tied to cellular oxidative phosphorylation (Baslow and Guilfoyle, 2007; Newsholme et al., 2003; Pan and Takahashi, 2005; Ross and Bluml, 2001) ; therefore the significantly reduced concentrations of these metabolites in the ACC may indicate a general compromise of bioenergetics/ metabolism of tissue in that region after acute detoxification, which recovers to normal over approximately one month of sustained abstinence from alcohol. We posit that the strong recovery of biomarkers of neuronal integrity and cellular bioenergetics in the ACC of ALC during short-term abstinence is functionally relevant, given the role of the ACC in selfmonitoring as well as in regulation of emotional and affective tone and behavior (Bush et al., 2000; .
Recently, Umhau et al. reported decreasing MRS-measured ACC Glu concentrations in acamprosate-treated abstinent ALC between the fourth and twenty-fifth day of medication and, similar to our findings, a trend to increasing Glu concentrations in placebo-treated abstinent ALC within the same time interval (Umhau et al., 2010) . However, as they did not study a light-drinking control group, they were unable to make a statement about the relative Glu level at the beginning of treatment. Our cross-sectional data showed that ACC Glu concentration in ALC at TP1 (9 ± 4 days) were significantly lower than in LD; four weeks later at TP2, the Glu concentrations in ALC had increased to concentrations statistically similar to LD. Since acamprosate suppresses Glu concentrations, it suggests that levels of this metabolite in the acamprosate treated patients of Umhau et al. may have been further suppressed below normal concentrations during the three weeks of pharmacotherapy. In this context, it is worth noting that Glu imbalance has been implicated in addictive disorders by limiting a person's ability to adapt to new information, such as changing substance use behavior despite adverse consequences (Kalivas, 2009) . When this imbalance is ameliorated in preliminary clinical trials with a regimen of agents that indirectly increase Glu, craving for and desire to use cocaine and to smoke cigarettes both decrease (for reviews see Justin et al., 2008; Kalivas and Volkow, 2011; Olive et al., 2011) . Thus, ACC Glu increases within the first few weeks of pharmacotherapy-free abstinence from alcohol may parallel these observations, underlying successful abstinence from alcohol.
Elevated levels of MRS-measured (i.e., mostly intracellular) Glx or Glu concentrations have been reported in humans and in animals during withdrawal from alcohol. Frischknecht and colleagues reported high Glx concentration in ALC at the first day of withdrawal from alcohol (Frischknecht et al., 2010) . Similarly, high extracellular Glu concentrations in the striatum of alcohol-dependent rats between 12 and 24 hours of withdrawal from alcohol were also observed using microdialysis (Rossetti and Carboni, 1995) . However, after 36 hours of withdrawal, the Glu concentrations returned to normal levels. Furthermore, after 24 weeks of vaporized alcohol exposure of rats, Zahr and colleagues found elevated MRSmeasured concentrations of Glx and Glu (in addition to Cho) in the basal ganglia (Zahr et al., 2009 ). However, they did not measure metabolite concentrations during withdrawal. Since our TP1 data were acquired at about nine days from the initiation of abstinence, it is possible we missed the brief critical period occurring immediately after cessation of alcohol consumption where Glu may be elevated. Together, our new findings and those of the literature suggest dynamic Glu levels during early abstinence: elevated levels of Glu (or Glx) at withdrawal appear to drop rapidly to below normal levels (as we observed at approximately nine days of abstinence) and then increase again towards normal concentrations within three to four weeks of abstinence from alcohol.
As opposed to ACC Glu concentrations, all cross-sectional regional GABA concentrations in this ALC sample during early abstinence were not significantly different from those in controls in any of the VOIs. Furthermore, regional cortical GABA concentrations did not change appreciably over time. A previous small study found that GABA levels were significantly lower in the occipital cortex (OCC) of five ALC at one month of abstinence compared to nine controls (Behar et al., 1999) . However, in a follow-up study with five nonsmoking and seven smoking ALC, the same group observed elevated OCC GABA in the non-smoking ALC at one week of abstinence from alcohol (relative to controls), which normalized after four weeks of abstinence. However, neither the entire ALC nor the smoking ALC group demonstrated lower OCC GABA compared to controls. GABA levels that were lower in the smoking ALC than in the non-smoking ALC did not change during abstinence (Mason et al., 2006) . Our analyses in a larger cohort showed no significant GABA concentration differences in any VOI (including the POC) between smoking and non-smoking ALC at either TP. We also observed no significant main effect of smoking when analyzing the ALC and LD groups combined; nevertheless, smoking was used as a covariate in our analyses since it has been shown to affect brain metabolite concentrations in individuals with AUD (Durazzo et al., 2004; . However, it should be noted that the voxel size in the two previous studies was smaller and placed at a different region of the occipital cortex compared to the POC voxel size and placement in this study. Taken together, these studies suggest higher or unchanged GABA levels at one week of abstinence and likely normal GABA levels after four to five weeks of sustained abstinence.
The pattern of our findings across VOIs and TPs does not support the glutamate-related excitotoxicity theory of neuronal injury in ALC during early abstinence. Specifically, in ALC, Glu was not elevated relative to LD in any VOI at TP1 or TP2, and Glu concentrations correlated positively with NAA, Cr and Cho at both TP1 and TP2 in ALC in almost all the VOIs, similar to what we observed in our LD. Furthermore, increases in Glu-to-water ratios during abstinence were also positively related to increases in the ratios of NAA, Cr and Cho to water. Given that NAA and Cr levels, like Glu levels, are closely linked to the general viability of cell bioenergetics, their positive correlations with Glu in the ALC group suggest these metabolites reflect the metabolic integrity of glutamatergic neurons (predominately interneurons) in the VOIs investigated.
Though we did not observe significant mI differences between ALC (at either TP) and LD, mI consistently showed highly robust correlations with multiple neurocognitive measures at both TPs. At TP1, ACC and POC mI concentrations were negatively related to visuomotor scanning speed with POC mI also relating negatively to visuospatial learning and memory as well as auditory-verbal learning. At TP2, POC mI concentrations related negatively to auditory-verbal learning, while working memory related negatively to mI and positively to Cho in the DLPFC. The negative association of mI concentrations with the neurocognitive measures in the three VOIs of this study is consistent with our previous findings, where we observed strong negative correlations between regional mI and neurocognition in a largely independent sample (Durazzo et al., 2004; ). Higher regional mI levels are associated with poorer cognition in Alzheimer Disease and HIV-positive individuals (Chang et al., 2002; Chantal et al., 2002; Parnetti et al., 2007; Salvan et al., 1998) and increased mI was shown to be associated with inflammatory processes in the central nervous system, where it may reflect reactive astrogliosis (Bitsch et al, 1999; Ross et al., 1998) . However, the extent to which mI is preferentially localized in glial versus neuronal tissue is unclear (Fisher et al., 2002) . Although we did not detect elevated mI in samples of different abstinent ALC in our previous studies (Durazzo et al., 2004; , one group reported higher than normal mI levels in the ACC of recently detoxified ALC (Schweinsberg et al. 2000) .
This study has several limitations that may influence the generalizability of our findings. First, the TP1 and longitudinal samples were modest in size and comprised of predominantly male treatment-seeking alcohol dependent individuals; as such sex effects could not be evaluated. The large VOI sizes (necessitated by our goal to quantitate GABA concentrations) and the skull curvature led to inclusion of MR signal from non-targeted regions (i.e., inclusion of white matter, as can be seen in Table 2 ), thereby limiting tissue specificity. Also, our J-editing sequence was originally optimized for quantitation of GABA only; as a result, the signal of the Glx resonance was generally noisier than that of Glu in the STEAM spectra. This can best be appreciated from the larger standard deviations of the Glx than the Glu means shown in the tables. The poorer J-edited signal quality likely attributed to the lack of correlations of Glx and GABA levels with other metabolite levels as well as with the neurocognitive measures. Furthermore, we did not screen participants for DSM-IV Axis II disorders, such as antisocial personality disorders (Grant et al., 2004; Pridmore et al., 2005) or measure potential group differences in nutrition, exercise and genetic predispositions; all of these conditions may contribute to altered brain neurobiology.
In conclusion, we found lower Glu and Cr concentrations in addition to lower NAA and Cho in the ACC of ALC at about one week of abstinence from alcohol compared to LD. No significant group differences in any of the metabolite levels were apparent in the POC and the DLPFC, suggesting specific frontal effects in this abstinent alcohol dependent cohort. The lower ACC concentrations suggest a general compromised bioenergetics/metabolism in medial prefrontal brain, because the affected metabolites are all tied to cellular oxidative phosphorylation. The metabolite concentrations largely normalize over four weeks of sustained abstinence. Our observation of positive correlations between Glu and NAA concentrations in all three brain regions of ALC at TP1 and TP2, together with the positive correlations between longitudinal Glu and NAA changes between the time points do not seem to support the excitotoxicity theory of Glu-induced neuronal injury in ALC; rather, these correlations suggest some compromised integrity of glutamatergic neurons in the ACC of ALC in early abstinence. Finally, although we found no significant mI concentration differences in any of our group comparisons, the moderately strong correlations between mI levels and neurocognition affirm the functional relevance of this putative astrocyte marker in ALC.
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